Hippopotami (Hippopotamus amphibius L) are large semi-aquatic mammals that can be exposed to metals and metalloid from both terrestrial and aquatic environments.
Introduction
Africa is known for its rich diversity of wildlife including birds, amphibians, reptiles and large mammals. In recent years, there have been concerns about significant environmental pollution caused by anthropogenic activities like mining and metallurgical activities in most African countries (Yabe et al., 2010; Oelofse 2008) . In particular, African aquatic environments are experiencing increases in metal pollution as a result of expansions in agricultural and industrial activities (Yabe et al., 2010; Lwanga et al., 2003; Berg et al., 1995) , as well as the sustained use or spillage of leaded gasoline from watercraft (Muohi et al., 2003) . For ecosystem conservation, there is a need to clarify metal bio-accumulation characteristics throughout a trophic chain in wildlife prior to potential further contamination.
Zambia is well known as a mining country (Stockwell et al., 2001 ) and metal pollution has been reported in aquatic environments around and downstream of mining areas (Nakayama et al., 2011 Ikenaka et al., 2010; Choongo et al., 2005; Norrgren et al., 2000) . However, the South Luangwa National Park (including the Luangwa River) is considered to be a relatively unexploited and uncontaminated area because of limited traffic within the national park and distance from industrial, agricultural and mining areas (Almli et al., 2005; Mwase et al., 2002) . Therefore, investigation of metal levels in this area could provide information on the reference metal levels in wildlife, which could be compared with metal levels in animals from polluted environments.
Among the many wildlife species in the South Luangwa National Park, hippopotami (Hippopotamus amphibius L) have a unique lifestyle. They are large, semi-aquatic animals that spend most of their time in river water but regularly emerge to to environmental pollutants in both terrestrial and aquatic environments. At present, there is little information available about the levels of essential and non-essential elements in wild hippopotami (Mwase et al., 2002) and there have been no studies relating metal levels in hippopotami to levels in environmental samples such as soil, river sediment and plants. Therefore, the present study is the first report to evaluate the bio-accumulation of metals and metalloid in hippopotami.
The aims of the current study were to: (1) compare metal levels among hippopotami, soil, river sediment and land plants in order to assess the bio-accumulation characteristics of metals and metalloid in hippopotami; and (2) evaluate the health risks by accumulation of metals and metalloid in hippopotami living in the protected national park. The current study also discussed the temporal variation of metal levels in hippopotami in order to evaluate the management condition and occurrence of anthropogenic disturbance in the national park.
Materials and Methods

Study area and sampling
The study was conducted in the South Luangwa National Park of Zambia, including the Luangwa River, in Mfuwe in 2007 (Fig. 1) . We collected samples of soil (n = 22), sediment from the Luangwa River (n = 4), land plants (n = 11), and hippopotami liver (n = 16, 8 male and 8 female). We collected several plant species that hippopotami graze (Sacciolepis africana, Panicum repens, Echinochloa colonum, Burnatia enneandra, Trichoneura grandiglumis). River sediment samples were collected using an Ekman grab sampler. Each soil and sediment sample was air-dried in the laboratory at room temperature and passed through a 2 mm sieve prior to metal extraction. The water content of each sample was measured after 12 h of drying in an oven at 105°C.
Liver samples of hippopotami were collected after a culling program that was conducted by the Zambia Wildlife Authority (ZAWA) between 2007 and 2008 for population control. None of our research team members participated in the culling program. Both adult (n = 14) and young (n = 2) samples were obtained from ZAWA in October 2007 at South Luangwa National Park. Therefore, the exact age, body length and weight of the hippopotami could not be determined in this study. Samples were transported to the laboratory and kept frozen at the School of Veterinary Medicine, University of Zambia. Then, samples were imported in to Japan after seeking authorization from both the Zambian and Japanese governments. Metal analysis was done at the Graduate School of Veterinary Medicine, Hokkaido University, Japan. The liver samples were stored at -20°C for heavy metal analysis and water content measurement, which was determined after drying in an oven at 105°C for 24 h.
Metal extraction and analysis
Metals in the soil and sediment samples were extracted using a method by Nakayama et al. (2011 and . Briefly, 1 g of each soil sample was placed in a 200 mL flask. Nitric acid (15 mL, atomic absorption spectrometry grade, 60 %, Kanto Chemical Corp., Tokyo, Japan) was added. The mixture was then heated at 180 °C for 5 h on a hotplate. After cooling, 1 g of ammonium chloride (Wako Pure Chemical Industries Ltd., Osaka, Japan) was added. The samples were reheated at 180 °C for 1 h and evaporated to approximately 5 mL. After the samples cooled, they were filtered into plastic bottles using ash-less filter paper 5B (Advantec, Tokyo, Japan). Lanthanum chloride (1 mL, atomic absorption spectrometry grade, 100 g La/L solution, Wako) was added. The sample volume was standardized to 100 mL using 2 % HNO 3. A reagent blank was prepared using the same procedures.
Metals were extracted from the plant samples using nitric acid digestion with a slight modification from the method by Hseu (2004) . Briefly, plant samples including both parts of stock and leaf were washed in distilled water in order to remove soil contamination and were air-dried at room temperature. Then 1 g of each plant sample was placed in a 200 mL flask and 20 mL of nitric acid was added. The samples were gradually heated up to 225 °C on a hotplate, and left for 12 h to evaporate to approximately 5 mL.
Then, 0.2 mL of lanthanum chloride (100 g La/L solution) was added. The volume was then made up to 20 mL with 2 % HNO 3 . A reagent blank was prepared using the same procedures.
Metals in the hippopotamus liver samples were extracted by digestion using a method by Nakayama et al. (2011) . Briefly, 1 g of fresh tissue was placed in a 200 mL flask and 20 mL of nitric acid was added. The samples were gradually heated up to 225°C on a hotplate, and left for 12 h to evaporate to approximately 5 mL. After the liquid mixture became clear, 0.2 mL of lanthanum chloride (100 g La/L solution) was added.
The volume was then made up to 20 mL with 2 % HNO 3 . A reagent blank was prepared using the same procedures.
We measured the concentrations of 8 metals (Cr, Co, Cu, Zn, Cd, Pb and Ni) and metalloid (As) in soil, river sediment, plant and hippopotamus liver using an atomic absorption spectrophotometer ( The detection limits (μg/kg) of Cr, Co, Cu, Zn, Cd, Pb, Ni and As were 0.5, 0.5, 1.0, 0.1, 0.2, 1.0, 0.5 and 2.0, respectively. Each metal concentration was converted from mg/kg wet-weight (wt) to mg/kg dry-wt using the water content.
Analysis of mercury (Hg)
The concentration of Hg in each sample was measured by thermal decomposition, gold amalgamation, and atomic absorption spectrophotometry (Mercury Analyzer, MA-3000, Nippon Instruments Corporation, Tokyo, Japan) after preparation of the calibration standard. Recovery rates of Hg for the four certified reference materials (BCR-320R, SRM 1944, DOLT-4 and DORM-3) ranged from 92 to 103%. The detection limit of Hg was 2.0 pg of total Hg. Concentration of Hg was converted from mg/kg wet-wt to mg/kg dry-wt using the water content.
Soil/sediment pH and organic matter measurement
Each soil and sediment sample pH was measured with a soil (or sediment):water ratio of 1:2.5 (Ge et al., 2000) . To determine the soil/sediment organic matter (SOM) content, the ignition loss of each sample was measured after 5 h in an oven at 600°C.
Bio-accumulation factor (BAF)
The bio-accumulation factor (BAF) is the ratio between the metal concentration in the soil/sediment and that in the plant/liver (Abdallah and Abdallah, 2008) . We separately calculated BAF values for soil to plant, plant to hippopotami liver as well as soil/sediment to hippopotami liver (Gnamus et al., 2000) . The following formulas were 
Statistical analysis
Statistical analyses were performed using JMP 7.0.1 (SAS Institute, Cary, NC, USA). Data were normalized by base 10 logarithm transformations. We analyzed for differences in metal accumulations among the groups using a Student's t-test (between sex or between adult and young hippopotami) or Tukey test (among soil, sediment, plant and hippopotami) (p < 0.05). Since there were no differences by sex or age in metal levels in hippopotami, we treated these samples as the same group. Correlation coefficients among soil/sediment pH, organic matter and metal concentrations were analyzed. We also analyzed correlation coefficients among metal concentrations in hippopotami liver. Principal component analysis (PCA) was performed on the basis of normalized values of each metal.
Results and Discussion
Soil/sediment characteristics and relationships with metal concentrations
Soil/sediment characteristics such as pH and organic matter (SOM) are shown in Table 1 . There was no correlation between soil pH and metal levels (data not shown). As shown in Table 2 , there were significant positive correlations between Cu-SOM, Zn-SOM and Hg-SOM in soil. Lin and Chen (1998) similarly reported that the adsorbabilities of metals (Cu, Zn, Pb and Cr) in sediments increased with increasing organic matter content.
Metal concentrations in soil and sediment samples
Metal concentrations in soil and sediment are summarized in Table 1 . Although several research papers have reported contamination of Cu, Co, Zn, Pb, Cd and As around mining areas in Zambia (Nakayama et al., 2011 Ikenaka et al., 2010; Choongo et al., 2005; Norrgren et al., 2000) , concentrations of all metals and metalloids in soil and sediment in the current study were below the US EPA benchmark values (2004, 2003) and previously published results for global ranges in non-polluted soils (Kabata-Pendias and Pendias, 1992). Therefore, we believe that soil and sediment in this national park are not affected by pollution resulting from mining and other anthropogenic activities at present.
However, continuous monitoring of metal levels (especially Cd and Hg) in soil and sediment should be conducted because we found bio-accumulation characteristics of these metals in hippopotami as mentioned below (section 3.4.).
Metal concentrations in hippopotami liver
In the current study, the age, body length and weight of the hippopotami are not available. In an earlier study (Mwase et al., 2002) , a negative correlation between liver Cu concentration and age in hippopotami [r = -0.43 (Pearson)/ -0.44 (Spearman)] was observed but this result was considered difficult to interpret. In the present study, there were no differences in the metal levels in liver between male and female hippopotami (Student's t-test, data not shown). Our result is in accordance with previous findings in hippopotami conducted by Mwase et al. (2002) . Moreover, other studies indicate that male and female marine mammals generally show no differences in the accumulation of metals (Agusa et al., 2008; Seixas et al., 2008; O'Shea 1999) . Table 3 shows a comparison of the metal levels in the present study and those in hippopotami liver collected from the same area in 1998 (Mwase et al., 2002) . The concentrations of metals were similar in both studies, indicating that metal levels in hippopotami liver have not changed in the past 10 years, most likely due to few anthropogenic activities and contamination sources around the national park. This lack of temporal variation suggested good management condition and absence of anthropogenic disturbances in this national park.
However, we found that Cr and Ni levels in hippopotami liver were higher compared to other toxic metals such as Cd, Pb and Hg. Due to scarcity of information on metal accumulation levels in hippopotami, we compared our results with previous studies on metal levels in wild deer, which are also grazing animals. Levels of Cr and Ni in hippopotami liver were approximately 7 times higher than the levels in wild reindeer exposed to contamination attributed to industrial activities in Norway (Cr: <0.01-0.09 mg/kg wet-weight and Ni: 0.01-0.18) (Sivertsen et al., 1995) . Since the previous study did not measure Cr and Ni levels in hippopotami (Mwase et al., 2002) , our findings are new and provide basic values for these metals in hippopotami. Further monitoring in this national park and risk assessment of toxic effects on hippopotami should be performed since excess Cr and Ni levels are known to be toxic in mammals.
higher compared with other metals (Table 1) . Moreover, hippopotami liver contained higher levels of Zn and Cu compared to those of soil, sediment and plants (Tables 1 and 4 ). Similar to our results, high concentrations of Zn and Cu were observed in wild reindeer and cattle liver (Nriagu et al., 2009; Lopez-Alonso et al., 2002; Miranda et al., 2005; Sivertsen et al., 1995) . Since Zn and Cu are essential elements in animals and play important roles in many physiological functions such as catalytic centers of liver Cu/Zn superoxide dismutase (Cu/Zn-SOD) (Zelco et al., 2002) , we suggested that a wider range of Cu and Zn concentrations can be accumulated in hippopotami liver compared to non-essential elements. Regarding Cu deficiency, multiple clinical symptoms were reported with the liver Cu concentration below 25 mg/kg in moose (Alces alces L) and cattle (Frank 1998; Mattioli et al., 1996) . In the current study, 75% of hippopotami liver showed lower Cu concentration than the established value in wild moose and cattle.
Future studies should focus more on the Cu deficiency status in hippopotami since no information on mineral deficiency is available in this animal.
Levels of toxic metals such as Pb, Cd, As and Hg in hippopotami were low, probably due to lack of anthropogenic activities around the national park. Similar levels of Pb (0.10-0.93 mg/kg) and Cd (0.11-0.40 mg/kg) in liver of wild red deer (Cervus elaphus) from a non-contaminated area were reported in Spain (Santiago et al., 1998) .
Concerning the health risk posed by metals, it has been established that kidney Cd levels of 80 to 200 mg/kg can cause renal damage in cattle (Nordberg et al,. 2007 ), whereas Pb levels exceeding 10 mg/kg in liver and 40 mg/kg in kidneys can cause damage to the nervous and the hemopoietic systems (Skerfving and Bergdahl, 2007; NAS, 1980) . In addition, As levels of 3.5 to 60.4 mg/kg in the liver were reported to cause poisoning in cattle (NAS, 1980) . These established values are quite higher than the metal concentrations observed in hippopotami in the present study. Given these findings, it is clear that the concentrations of toxic metals in our study did not reach intoxication levels, although differences in metal tolerance between hippopotami and cattle should be considered.
Metal interactions in hippopotami liver and relationships of metal levels among soil, sediment, plants and hippopotami liver
Correlations among metal concentrations in hippopotami liver are presented in Table 2 . We found significant positive correlations among essential metals including Cr-Zn, Cr-Ni and Ni-Co. Positive correlation between Se and Cu in hippopotami was previously reported by Mwase et al. (2002) . Similarly, Lopez-Alonso et al. (2004) reported positive correlations among essential metals in cattle. Interestingly, Hg-Co (toxic-essential) and Hg-Pb (toxic-toxic) were negatively correlated in this study. As far as we are aware, there are no reports on negative relationships between these metals.
Further investigations are required to explain the mechanisms of these interactions and implications in hippopotami.
Hippopotami liver accumulated significantly higher concentrations of Hg compared to levels in soil, sediment and plants (Tables 1 and 4, Fig. 2 ). The BAF 1 value of Hg (1.0) suggests a low transfer of Hg from soil to plants. This result is in accordance with a previous study that reported low Hg transfer, most likely as a result of the block system in root of plant (Gnamus et al., 2000) . In an earlier study (Gnamus et al., 2000) , the bio-accumulation profile of Hg from plant to terrestrial herbivorous roe deer (Capreolus capreolus L.) was reported. This report supports the current findings of a high BAF 3 value of Hg (5.0), which implies bio-accumulation from plant to hippopotami. In addition to consumption of plants, uptake of Hg from river water is one of the exposure routes, although we did not measure Hg levels in the river water in the present study. In the case of Cd, hippopotami liver and plants accumulated significantly higher levels of Cd compared to those of soil (Tables 1 and 4, Fig. 2) . BAF 1 and BAF 2 values of Cd were very high (Table 4) . Cadmium is known to be mobile in soils and available to plants (Alloway 1990) . In contrast to these values, the BAF 3 value of Cd in hippopotami liver was low (1.3). Similarly, in grazing animals, relatively low BAF values of Cd were observed between pasture grass/hay and cattle liver (0.1-3.3) and sheep liver (0.6-1.5) from eastern Kazakhstan (values were calculated from Farmer and Farmer (2000) ).
Higher concentrations of Cr, Ni, Co, Pb and As were observed in soil and sediment compared to levels in plants and hippopotami liver (Tables 1 and 4 ). Our results suggest that these metals do not bio-accumulate in hippopotami. Generally, unlike Cd and Hg, Pb is not a bio-accumulative metal (Chen and Folt., 2000) . However, Almli et al. (2005) did report a bio-magnification effect of Pb in crocodiles (Crocodylus niloticus) from the same river as the hippopotami in the current study. The authors noted that crocodiles are carnivorous and consume the whole body of fish, birds and mammals, including bones that are known to accumulate Pb (Almli et al., 2005) . Although they inhabit the same area, diet differences would most likely cause bio-magnification of Pb in crocodiles but not in hippopotami that only graze land plants.
PCA was performed in order to characterize metal compositional patterns (Fig. 3) .
PCA clearly divided into three groups (1: soil/sediment, 2: plant, 3: hippopotami)
indicating different metal accumulation patterns among these groups. As shown in Fig. 3 , metal compositional patterns in hippopotami were mainly influenced by Cd, Hg and Zn, while those in soil/sediment were influenced by Co, Cr, Ni, Pb and As. The plant group located between the hippopotami group and the soil/sediment group. These results were supported by the results of BAF values (Table 4) .
Conclusions
Metal concentrations, especially toxic metals such as Cd, Pb and Hg in hippopotami liver from the South Luangwa National Park in Zambia were generally low compared to established toxic levels in cattle. Temporal variations of metal levels in hippopotami were not found. However, we observed that Cr and Ni concentrations in hippopotami liver were higher than those of other toxic metals such as Cd, Pb and Hg. showing loading and score plot. between the present study and the reference study (Mwase et al., 2002) . Fig. 3 
